Introduction
Microbes are abundant across terrestrial and marine environments, and have prominent roles in community dynamics, yet there remains considerable unexplored complexity within microbial communities, particularly within marine environments [1, 2] . The forefront of marine microbial ecology emphasizes the role of microbial processes on ecosystem functioning and the ecology of microbial diseases [3] . Moreover, marine benthic microbes are known to be important drivers of environmental change, so an understanding of benthic microbial community structure on coral reefs has the potential to provide forewarning of macro-ecological change [4] . Patterns of microbial communities on coral reefs are strongly influenced by the presence, physiological activity and ecological interactions of corals and algae [5, 6] ; however, it is largely unknown how fishes mediate these links between microbes and the macrobenthos. There is strong evidence that territorial grazers, particularly territorial damselfishes, play a key role in benthic dynamics on coral reefs [7] [8] [9] . Territorial grazers engineer benthic structure in their territories by grazing turf algae, coral-pecking (biting coral polyps at the base of coral colonies to further propagate turf algae) and weeding undesirable species of turf algae and fleshy macroalgae [10, 11] . They also engage in frequent and sustained aggression towards intruders to defend food resources within their territories & 2014 The Author(s) Published by the Royal Society. All rights reserved. [12, 13] , which are composed of microbes, detritus, filamentous algae, corals and macroinvertebrates [14 -16] . Along with shaping benthic community structure, territorial grazers are abundant and widespread, and it is estimated that up to 77% of the substratum of shallow reef flats (approx. 2 m depth) may be covered with damselfish territories [15, 17, 18] . Here, we aim to determine the role of territorial grazers in structuring coral -algal-bacteria linkages on the reef benthos.
Territorial grazers' behaviour markedly increases the productivity of palatable filamentous algae and dramatically decelerates the succession of macroalgae on coral reefs [19, 20] . Among territorial grazers, there is a spectrum of guilds from extensive to intensive grazers [21] . Extensive grazers have large territories with unclear or overlapping boundaries, highly diverse algae turfs and low levels of territorial aggression. In contrast, intensive grazers have more distinct territorial boundaries, monocultures or lowdiversity algae turfs with higher algal biomass per unit area and prompt aggressive responses to intruding species [7,22 -24] . Within intensive grazers, there are large discrepancies among territory characteristics, as each damselfish species farms a unique turf assemblage with highly variable turf biomass per unit area [25] . However, the consequences of territorial variations on coral, algal and microbial assemblages within the defined guilds are largely unknown.
The dominant benthic component of damselfish territories is the epilithic algal matrix (EAM), which is composed of a conglomeration of living and non-living components, including filamentous turf algae, juvenile macroalgae, cyanobacteria, detritus, invertebrates and a consortium of microbes [5, 16, 26, 27] . The effects of turf algae on corals are largely detrimental, and many of these interactions are attributed to the microbiota associated with turfs. In addition to inhibiting coral recruitment [28] , retarding coral growth [29, 30] and stressing coral physiology [31, 32] , turf algae also enhance microbial activity and coral mortality by releasing dissolved compounds that are harmful to corals [6, 33, 34] . Previously, both macroalgae and benthic turf algae have been shown to harbour pathogens that are associated with coral disease [35, 36] . Yet the microbial communities of damselfish territories are virtually unexplored. While select communities of turf algae may harbour potential pathogens, the indirect effects of territorial grazers on benthic microbial communities, including the prevalence of potentially pathogenic bacteria and the consequential manifestation of coral disease, remain unresolved. This paper aims to determine how the cultivation of turf algae-dominated territories by intensive territorial grazers in the genus Stegastes influences the structure of the microbial community and the prevalence of coral disease. Specifically, we characterized the algal assemblages inside and outside Stegastes apicalis's and Stegastes nigricans's territories to determine which algae were cultivated or excluded by these fish species, assessed and compared associated differences of microbial communities in the EAM inside and outside of Stegastes's territories, and ran coral disease surveys inside and outside of S. nigricans's territories. Our results reveal that microbial assemblages and coral disease prevalence are considerably different inside Stegastes's territories and have substantial implications for coral health in reef systems, elucidating an important ecological link between microbes and macro-organisms in the marine environment. figure S1 ), at a depth of 1 -3 m. For the coral disease surveys, there were four study sites on the back reef in the lagoon around Lizard Island (Palfrey, Bird, Loomis and Horseshoe; electronic supplementary material, figure S1 ).
Stegastes nigricans and Stegastes apicalis (f. Pomacentridae), two intensive territorial grazers [7, 21, 25] , were our study species. Stegastes apicalis occurs at a depth of 1-15 m and reaches up to 15 cm (total length). Stegastes nigricans occurs at the depth of 1-12 m and reaches up to 14 cm (total length). Both species form social groups (termed 'colonies') made up of several contiguous territories, each territory belonging to an individual adult damselfish [37] . Stegastes apicalis form colonies on the reef flat in association with crevices, coral rubble, sparse acroporids and soft corals, whereas S. nigricans form colonies in staghorn coral outcrops dominated by Acropora muricata (J. M. Casey 2013, personal observation). Both damselfish species are aggressive territorial grazers that are not easily perturbed by human observers [13] .
All algal composition surveys and EAM sampling were conducted on two colonies of S. apicalis (comprised 12 and 20 territories, respectively) and two colonies of S. nigricans (comprised 30 and 38 territories, respectively). We mapped each colony, and we used the minimum convex polygon method to estimate the territory size of each individual fish [38] . We observed each individual for a 5 min period then placed four flagged fishing weights around the extremities of the individual's territory. The longest and shortest diameters were measured to the nearest centimetre of the elliptical territory, and the average diameter was used to calculate territory area.
(b) Algal composition
To assess the algal communities inside S. apicalis's and S. nigricans's territories, we surveyed 20 territories from each study species. After estimating territory size, percentage coverage of algae in each territory was assessed visually and photographically. To assess the exclusion of macroalgae from Stegastes' territories, ten 1 m 2 quadrats were placed on the benthos to identify the macroalgae taxa that did not appear in damselfish territories. Algae were identified to genus level and, when possible, to species level [39, 40] . For the two damselfish species' territories, we quantified differences in algal species richness, evenness and Shannon diversity.
(c) Epilithic algal matrix microbial communities
To determine the impact of territorial damselfish on microbial communities, we examined the bacterial composition of the EAM inside and outside damselfish territories. In the field, ten 50 ml EAM samples were collected from control plots outside of Stegastes's territories, inside S. apicalis's territories and inside S. nigricans's territories. For the collections from S. apicalis's and S. nigricans's territories, samples were taken across two damselfish colonies, and each sample came from a different damselfish territory. Samples were immediately snap-frozen in liquid nitrogen, stored at 2808C [41] and transported to James Cook University for processing and DNA extraction.
Samples were homogenized under liquid nitrogen, DNA was isolated using a PowerPlant DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA) following the manufacturer's instructions and DNA quality was checked using a nanodrop. 27f and 519r universal reverse primers and the V1 -V3 region of the 16S rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141032 rDNA gene were used for amplification with a single-step 30-cycle PCR using a HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA). MR DNA, a next generation sequencing and bioinformatics provider (Shallowater, TX), performed the PCR (under the following conditions: 948C for 3 min, 28 cycles of 948C for 30 s, 538C for 40 s and 728C for 1 min; 728C for 5 min). All amplicon products were mixed in equal concentrations and purified using Agencourt ampure beads (Agencourt Bioscience Corporation, MA) and sequenced with Roche 454 FLX titanium instruments and reagents according to manufacturer's guidelines. The sequence data were processed using a proprietary analysis pipeline at MR DNA and further analysed with Quantitative Insights Into Microbial Ecology (QIIME) [42] . Sequences were depleted of barcodes and primers, and short sequences (less than 200 bp) and sequences with homopolymer runs exceeding 6 bp were removed. The average read length was 431 bp after primer and barcode removal. The sequences were denoised and chimeras were removed using ACACIA [43] . After normalization, operational taxonomic units (OTUs) were defined with clustering at 3% divergence (97% similarity) [44 -50] . Taxonomy was assigned to OTUs in QIIME, using SILVA [51] and BLASTN [52] against a curated GreenGenes database [53] .
We assessed the beta-diversity of the EAM microbial communities inside and outside of damselfish territories with QIIME using a weighted UniFrac analysis. An unweighted pair group method using average linkages (UPGMA) clustering and a principal coordinates analysis (PCoA) were generated from the UniFrac distances [54] . The PCoA was generated from weighted UniFrac distances and plotted in two dimensions. Individual OTUs (generated using the proprietary pipeline analysis) were then assigned into three categories-autotrophs, heterotrophs and potential pathogens-based on literature reviews (electronic supplementary material, table S1). All genera with a less than 2% relative abundance were excluded from the analyses. Our data included five genera that are considered potential pathogens for a broad array of hosts; however, among these five genera, only two have previously been linked to coral disease. These two coral-specific potential pathogens made up 95% of the potential pathogen category, so we only included coral-specific potential pathogens in the analyses. Kruskal -Wallis one-way analyses of variance were used to analyse the differences in the relative abundances of these components of microbial communities in the EAM outside of Stegastes's territories as compared with inside S. apicalis's territories and S. nigricans's territories.
(d) Coral disease surveys
To assess the prevalence of coral disease inside and outside of damselfish territories, we determined coral disease presence in A. muricata outcrops, a common staghorn coral in the lagoon of Lizard Island. We ran six 10 m transects at each of the four study sites: Palfrey, Bird, Loomis and Horseshoe (electronic supplementary material, figure S1), for a total of 24 transects. At each transect, a 1 m 2 quadrat was attached to the transect every 2 m, for a total of five quadrats per transect. Of the six transects at each site, three transects were in A. muricata outcrops that were occupied by S. nigricans, and three transects were in A. muricata outcrops with no territorial damselfish. As A. muricata is common in the lagoon of Lizard Island and S. nigricans typically form colonies around A. muricata outcrops, it was straightforward to survey comparable A. muricata outcrops outside damselfish territories. In contrast, S. apicalis's territories and their associated habitat have very heterogeneous coral assemblages. Since the prevalence of coral disease varies among coral taxa [55] and there is evidence that coral composition differs inside and outside damselfish territories [8] , this substantially complicates the attribution of differences in coral disease prevalence to the behaviour of S. apicalis's rather than differences in coral species composition. Therefore, S. apicalis territories were not included in this component of the study.
To analyse the effect of damselfish territories on coral disease presence, we used a generalized linear mixed model (GLMM) with a binomial error distribution and logit-link function. The response variable was binary (coral disease present in quadrat/ absent in quadrat). The fixed effect was the presence or absence of S. nigricans's territories. We included transect nested within site (Palfrey, Bird, Loomis and Horseshoe) as random factors. This analysis was conducted with the packages lme4 [56] and arm [57] using the software program R [58] .
Results (a) Algal composition
In the northern GBR around Lizard Island, S. apicalis's territories have a more diverse assemblage of turf algae than S. nigricans's territories (10 versus five species of turf algae; electronic supplementary material, table S2). The species richness, evenness and Shannon diversity index indicate that the algal community diversity of S. apicalis's territories is significantly higher than S. nigricans's territories (electronic supplementary material, table S3). The three dominant turf algae genera in S. apicalis's and S. nigricans's territories are Polysiphonia, Amphiroa and Ceramium, all of which are rhodophytes. Polysiphonia sp. is the most abundant turf in both S. apicalis's and S. nigricans's territories; it comprises over 50% of turf algae coverage across all territories. Both damselfish species actively exclude macroalgae (except for Halimeda, which occurs in very low frequencies in S. apicalis's territories) that commonly occur in the lagoon around Lizard Island and were observed in our control plots. Despite the more diverse algal assemblage in S. apicalis's territories, S. apicalis's territories have a thinner layer of turf algae cultivated on barren flat regions and coral rubble on the benthos compared with S. nigricans's territories, which are characterized by a thicker turf (largely composed of Polysiphonia sp.) cultivated on the branches of acroporids (figure 1). The thicker turf algae in S. nigricans's territories may be attributable to their more intensive farming behaviours (electronic supplementary material, figure S2 and table S4) and greater aggression than S. apicalis (electronic supplementary material, figures S3 and S4).
(b) Epilithic algal matrix microbial communities
Bacterial 16S rDNA gene amplicon sequencing retrieved 102 038 high-quality sequence reads from 24 EAM samples. Sequence reads were normalized to 1050 reads per sample to allow for comparison between samples and bacterial community patterns. All sequences were submitted to the NCBI Sequence Read Archive (SAMN02808132-SAMN02808155).
The microbial community of the EAM is distinct among S. apicalis's territories, S. nigricans's territories and control plots outside of damselfish territories (figure 2). There is some overlap between S. apicalis's and S. nigricans's territories, suggesting that these two damselfish territories have similar microbial communities. Polysiphonia sp. is the dominant taxon in both damselfish species' territories, so this may explain the clustering between S. apicalis's and S. nigricans's territories (figure 2; electronic supplementary material, figure  S5 ). Further, there is some similarity between control plots outside of damselfish territories and S. apicalis's territories. Since rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141032 S. apicalis cultivates algae on flattened regions of the benthos, which is a similar substrate to our control plots, whereas S. nigricans cultivates algae on the branches of acroporids (figure 1), microbial assemblages within control plots outside of damselfish territories cluster with S. apicalis's territories (figure 2; electronic supplementary material, figure S5 ).
Assigning bacterial phylotypes into broad groupings of autotrophs, heterotrophs and potential coral pathogens (electronic supplementary material, table S1) further reveals that damselfish territories have distinct microbial consortia ( figure 3) . The relative abundance of autotrophs is significantly lower inside S. apicalis's territories (Kruskal-Wallis, x 2 ¼ 6.615, S4 ). The coral-specific potential pathogen communities are composed of the genera Leptolyngbya and Oscillatoria, key cyanobacteria associated with the pathogenicity of black band disease (BBD) [59] . We compared the identified OTUs with high sequence similarity to potential coral pathogens (cyanobacterial genera, Leptolyngbya and Oscillatoria) to the entire BLAST nucleotide collection [50] . The highest abundant Oscillatoria sequences from the current study yielded 34 BLAST hits (more than 95% sequence identity) from two previous studies of BBD [60, 61] . Within the overlapping region of the amplified sequence, the most abundant Leptolyngbya sequences from the current study showed 97% sequence similarity to a Leptolyngbya sequence reported in a previous BBD study [62] and to uncultured bacterial clones amplified from BBD corals (electronic supplementary material, table S6). The taxonomy of these cyanobacterial rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141032 potential coral pathogens is probably unresolved, which is reflective of the complex phylogeneny of the cyanoprokaryote and supports previous calls for a re-evaluation of the taxonomy of the genus Leptolyngbya [63] . We also aligned our four most abundant uncultured cyanobacterial potential pathogen sequences to the unidentified bacterium clone sequence associated with the highest similarity from the BLAST results, which was the top match for 46.61% of our OTUs and associated with BBD affected corals (electronic supplementary material, table S6 and figure S6 ).
(c) Coral disease surveys
In A. muricata outcrops inside of S. nigricans's territories, we detected an average of 3.17 + 1.41 occurrences of BBD per transect, whereas in A. muricata outcrops outside of S. nigricans's territories, there were zero occurrences of BBD (figure 4). The GLMM revealed that A. muricata inside S. nigricans's territories have a significantly higher occurrence of BBD than A. muricata outside of S. nigricans's territories (z ¼ 2.670, p ¼ 0.008; electronic supplementary material, table S7; figure 4).
Discussion
This study shows how the modification of benthic habitat by a macro-organism can influence microbial assemblage structure, with potentially broad implications for ecosystem health. Specifically, on coral reefs, territorial grazers strongly influence both algal and microbial community structure, with notable implications for the dynamics of coral disease. Intensive territorial grazers in the genus Stegastes demonstrably shape turf algae communities by excluding macroalgae and cultivating low-diversity, high-density communities of rhodophytes [11, 19] . These behaviours also result in a shift of the microbial communities associated with the EAM in damselfish territories to communities with a high prevalence of potential opportunistic pathogens linked to coral disease. Moreover, at least for S. nigricans, these differences in microbial community structure are associated with a higher occurence of coral disease relative to corals outside of damselfish territories. This provides the crucial first link between fish behaviour, reservoirs of potential coral disease pathogens and the occurrence of coral disease. In light of territorial grazers' extensive space occupation on many shallow coral reefs [17, 18] , territorial damselfish may have a large role in coral disease dynamics via their extensive manipulation of the marine benthos.
Although both study species' behaviour appears to induce turf-dominant territories, we found considerable differences between our study species. Stegastes nigricans have a less diverse assemblage of turf algae than S. apicalis, suggesting that S. nigricans should be classified as a more intensive territorial grazer than S. apicalis. This inference is supported by direct behavioural observations, which indicate more active cultivation of algae and greater aggression in S. nigricans as opposed to S. apicalis (see the electronic supplementary material, figure S2 ). It is likely that S. nigricans has a less diverse assemblage of turf algae because they cultivate a thick mat of Polysiphonia sp. (figure 1), a highly filamentous turf that readily retains detritus and is one of the main food sources of Stegastes [64] [65] [66] [67] [68] . When cultivated to reach high densities, such as inside S. nigricans's territories, Polysiphonia sp. may outcompete some of the more delicate turf algae present in S. apicalis's territories (electronic supplementary material, table S2) due to Polysiphonia's advantageous lateral vegetative propagation and resilience to disturbance [69, 70] .
Our most striking finding is that damselfish have a marked effect on benthic microbial communities and increase the prevalence of BBD, at least in S. nigricans's territories. We found that Oscillatoria, an opportunistic pathogen associated with BBD [59] , and uncultured cyanobacterial potential pathogens with homology to those isolated from BBD were strongly associated with the EAM inside damselfish territories. Oscillatoria and our uncultured cyanobacterial potential pathogens are both cyanobacteria, which is consistent with previous studies that show that diseased corals, particularly those with BBD, have elevated levels of cyanobacteria [71 -73] . The prevalence of these phylotypes has major implications for coral reefs, suggesting that through altering benthic structure and preventing the establishment of macroalgae, territorial grazers may increase the incidence of microbes associated with coral disease. Intensive territorial grazers cultivate turf algae and detritus as food resources [16] , which appear to harbour potential pathogens linked to BBD and may act as a coral disease pathogen reservoir. Turf algae have previously been shown to harbour pathogens that are associated with coral disease [30, 36] . However, fish behaviour has not previously been directly linked to reservoirs of potential pathogens that may cause coral disease or the actual increased prevalence of coral disease.
Identifying reservoirs for marine disease is a major priority within the realm of ocean disease research because knowledge of the rates of spread and modes of transmission of pathogens are limited [74 -76] , yet no study has closely examined the role of coral reef fishes in the transmission of coral disease. A previous study argued for a negative link between reef fish diversity and coral disease, and this was attributed to the fact that chaetodontids, which are typically not fished, remain on reefs disturbed by fishing and may play a role in the transmission of disease [77] . If a link between fish diversity and coral disease does exist, it requires a more focused analysis of reef fish activities and associated disease prevalence. As our results suggest, coral reef fishes, especially herbivores and detritivores that strongly impact benthic dynamics, may play an important role in the formation of reservoirs of coral disease due to their feeding behaviours and territoriality. Consequently, we need to further examine widespread and abundant groups with strong benthic interactions, such as territorial pomacentrids, to determine their relationship to coral disease. rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141032
By actively cultivating benthic assemblages and within their territories, territorial pomacentrids function as ecosystem engineers [78] . Our study demonstrates that in the course of structuring habitat and modulating the availability of resources, ecosystem engineers may induce substantial alterations to microbial assemblages, with repercussions for microbial processes that influence disease ecology. On coral reefs, connections between fish populations, behaviour, disease reservoirs and coral health are of potentially substantial importance in regions where damselfish abundances are increasing, a phenomenon that may be associated with overfishing. Recent studies have reported up to a 60-fold increase in damselfish abundances across a gradient of human impact (e.g. Hawaiian Islands [79] ; Line Islands [80] ). Although large-scale patterns in fish community structure are influenced by numerous factors, including historical biogeography, reef geomorphology and human activities unrelated to fishing [81, 82] , a global metaanalysis of local-scale studies has found a positive relationship between fishing pressure and damselfish abundance that is consistent with the earlier studies [83] . Regardless of the specific mechanism that underlies this relationship, our study indicates that an increase in intensive territorial grazers will be likely to have substantial implications for the structure of the benthic microbial community on coral reefs, potentially increasing reservoirs of opportunistic pathogens linked to coral disease as well as the occurrence of coral disease. Consequently, understanding the mechanistic links among fishing pressure, damselfish abundances, shifts in microbial assemblages and the dynamics of associated coral communities may be important for anticipating and managing ongoing changes to the structure and functioning of coral reef ecosystems.
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